This critical review discusses different approaches towards protection of photoactive materials based on triplet excited state ensembles against deactivation by molecular oxygen though quenching and photooxidation mechanisms. Passive protection, based on the application of barrier materials for packaging, sealing, or encapsulation of the active substances, which prevent oxygen molecules from penetration and physical contact with excited states and active protection, based on the application of oxygen scavenging species are compared. Efficiencies of different approaches together with examples and prospects of their applications are outlined.
Introduction
Triplet excited state chromophores are being applied in various fields, e.g. electroluminescence, 1 bioimaging and molecular sensing, 2 photocatalytic organic reactions, 3 and triplet-triplet annihilation photon upconversion (TTA-UC). 4 However, compared to fluorescence, photonic applications based on triplet excited state generation are much less developed due to a substantially higher sensitivity of triplet states towards nonemissive deactivation processes, especially ground-state triplet oxygen quenching giving singlet oxygen and ground state of the chromophore. 5 One of the most promising applications based on excited triplet ensembles, namely photon energy upconversion by triplet-triplet annihilation (TTA-UC), was recently extended to Mikhail A. Filatov Mikhail A. Filatov received his PhD degree at Moscow State University in 2008 in the field of organic synthesis. He further conducted postdoctoral research in the University of Burgundy, Max Planck Institute and Bulgarian Academy of Sciences, working on molecular systems for optical and biomedical applications. He is currently a Marie Curie research fellow at Trinity College Dublin where he works on new singlet oxygen sensitizers and sensors for photomedicine. His research combines multistep organic synthesis, photochemistry, optical spectroscopy, and material science to achieve new molecular devices for healthcare. He has published around 30 papers and participated in 4 patents.
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Stanislav Baluschev studied Laser Physics at the Sofia University ''Saint Kliment Ochridski'', Bulgaria, where he received PhD. In 1996, he was granted a DAADresearch fellowship at Hannover University, Germany. In 1997 he was visiting scientist at the Institute of Experimental Physics, TU of Graz, Austria. In 1999 he was granted a Feinberg Research Fellowship at the Department of Complex Systems, Weizmann Institute of Science, Israel. In 2000 he started his Maria-Curie fellowship at PTB, Germany. In 2001, he joined the group of Prof. G. Wegner/Prof. K. Landfester at MPI for Polymer Research. His current research interests include nonlinear optics, atomic physics and annihilation upconversion in organic systems. ultralow intensity of noncoherent excitation light (less than 10 mW cm À2 ), corresponding to the solar intensity at the Earth's surface. 6 Such low-energy threshold allows for the development of several unique applications in material science, 7 solar cell devices, 8 solar fuels, 9 bioimaging 10 and extension of the infrared limit of oxygenic photosynthesis. 11 TTA-UC process takes place in multi-chromophore systems consisting of energetically optimized pairs of sensitizer (metallated macrocycles) and emitter molecules (aromatic hydrocarbons), as shown in Fig. 1 . The photon energy is absorbed by a sensitizer and stored in its triplet state, formed in the process of intersystem crossing (ISC). Further, this energy is transferred to an emitter triplet state via the process of triplet-triplet transfer (TTT). Next, the excited triplet states of two emitter molecules undergo triplet-triplet annihilation (TTA), in which one emitter molecule returns back to its singlet ground state and the other molecule gains the energy of both triplet states and is excited to the higher singlet state. As the singlet state emitter decays radiatively back to the ground state, a delayed fluorescence photon (the dark blue line, Fig. 1 ) bearing higher energy than that of the excitation photons is emitted.
TTA in solid-state matter (organic molecular crystals) 12 proceeds through direct absorption of the photons, followed by ISC in the emitter molecule. As a consequence, quadratic dependence between the excitation intensity and the intensity of the TTA-signal is observed. In the classical TTA-scheme, 13 delayed fluorescence is observed at excitation intensities, comparable with those for the non-linear optical processes (MW cm À2 ) 14 or UC in RE ion-doped systems (BkW cm À2 ). 15 In soft mater matrices, i.e. thin polymeric films or fluidic systems (volatile or non-volatile organic solvents) the concentration of the excited emitter triplets is orders of magnitude higher, than the concentration of excited emitter triplets states, observed in the classical TTA -experiments. Thus, in soft matter matrix the TTA-process is not only diffusion controlled and takes place in the so called ''strong signal regime'', but demonstrates essential dependences on the material and environmental parameters such as degree of overlapping of the interacting energy states, matrix temperature, matrix viscosity and presence of molecular oxygen, dissolved at the solvent or adsorbed at the polymer film. It is important to notice, that all these materials and environmental parameters are strongly related, and their impact on densely populated triplet ensembles is not a linear combination of its partial impacts: for instance, 16 optimization of the energy overlapping of the excited triplet states of the interacting moieties leads to drastic increase of the lifetime of delayed fluorescence (TTA-UC signal) and thus, to increased dependences on the local oxygen contamination.
Metallated macrocycles, such as porphyrins and phthalocyanines are known to possess strong phosphorescence. 17 Dependence of their integral phosphorescence emission or the decay time of the phosphorescence is widely used as a thermal or oxygen sensor. 18 The sensing process involves optical excitation of the molecule and registration of the decreased phosphorescence or phosphorescence decay time as a function of the increased sample temperature or oxygen content. 19 The main experimental drawback of this sensing technique is that the phosphorescence emission is an integral parameter, depending simultaneously on the local temperature and local oxygen contamination.
In the presence of molecular oxygen, the energy stored in the excited states of the triplet ensembles, is being actively dissipated competing with emissive (phosphorescence) or non-emissive (triplet to triplet) energy transfer processes. The reason for this is the process energy transfer between organic molecule triplet state and ground state of molecular oxygen, leading to singlet oxygen ( 1 D g , Fig. 1 ). Singlet oxygen is a highly reactive species, leading to oxidation of the photoactive molecules, followed by further loss of efficiency. Fig. 2 illustrates both processes on an example of a palladium(II) tetraanthraporphyrin (PdTAP) -a representative of a newly explored class of near-IR light sensitizers. 20 Upon interaction with molecular triplet oxygen, the excited state of PdTAP is being quenched leading to a decrease of phosphorescence intensity. Subsequently, the singlet oxygen formed takes part in a Diels-Alder type process on a parent sensitizer molecule, which leads to a loss of conjugation in the p-system and to a loss of near-IR absorption. Similar process is involved in photo-bleaching of other types of chromophores, e.g. anthracenes, perylenes, terrylenes and terrylenediimide. 21 In the TTA based upconversion process, oxygen-induced quenching is usually a serious issue under atmospheric conditions, because the triplet energy of both the sensitizer and emitter excited states can be transferred to oxygen and generate singlet oxygen. In fact, even very small oxygen concentrations on the level of 2-10 ppm could affect the TTA-UC efficiency substantially. For example, the UC system based on platinum tetrabenzoporphyrin as a sensitizer and BODIPY as an emitter in toluene under argon exhibits a quantum yield of 15.0% (c sens = 1.0 Â 10 À5 M, c em = 1.0 Â 10 À3 M, power density of 0.106 W cm À2 ) under deaerated condition, while in the oxygen saturated environment a 150-fold quantum yield decrease was observed. 22 Thus, to fully exploit the TTA-UC process in different applications, the development of an effective protection strategy against quenching by molecular oxygen and protection against the subsequent production of highly reactive singlet oxygen is essential.
To date, several reviews on phosphorescence 23 and TTA-UC 24 as well as on the applications of these techniques for oxygen sensing 25 have appeared, but still no accounts devoted to oxygen quenching and photooxidation protection of the excited triplet state ensembles have been published. The material presented in this review is illustrated in Fig. 3 . Specifically, oxygen protection of excited triplet states can be regarded from two main perspectives: (1) passive protection, based on the application of barrier materials for packaging, sealing, or encapsulation of the active substances, which prevent oxygen molecules from penetration and physical contact with excited states, e.g. encapsulation into polymer films or nano-and microcarriers, or incorporation into supramolecular complexes and dendrimers.
(2) Active protection, based on the application of oxygen scavenging species which react either with triplet or singlet oxygen to minimize the amount of oxygen available for deteriorative reactions, leading to degradation of the photoactive molecules. The material reflects works devoted both to the protection of phosphorescence and TTA-UC against oxygen quenching. We also included a discussion of the oxidative stress protection mechanisms of the natural photosystems in order to illustrate how the fundamental research in this area can contribute to the development of oxygen protection strategies in the field of organic optoelectronics.
With the present review we intend to provide an extensive coverage of protection of both phosphorescent and TTA-UC materials against oxygen quenching with a systematic summary of the developed protection strategies and their comparison. In particular, emphasis is placed on the efficiencies of different approaches together with examples and prospects of their applications.
Self-protection of natural photosystems against oxidative stress and bio-inspired oxygen protection of TTA-UC
In photosynthesis, bacteriochlorophylls (BChl) play a crucial role in light harvesting and electron transport. However, some of the excited state transformations of BChl are known to be potentially dangerous for the cells due to the formation of the triplet excited state which can form the singlet oxygen. It may be formed in a variety of ways, however, a common way is by electronic energy transfer (1).
Since singlet oxygen is extremely reactive it may attack and oxidize proteins, lipids and nucleic acids, leading to cell destruction. All photosynthetic organisms possess special protective mechanisms to minimize the oxidative damage. Photosensitization of the triplet state of BChl leads to the formation of 1 O 2 unless BChl triplets are removed rapidly before 1 O 2 formation can take place. 26 One of the conventional photoprotective mechanisms of photosynthetic organisms is based on the quenching of the triplet states by electron transfer to nearby carotenoids (Car), followed by radiationless deactivation of thus formed species. Carotenoid (Car) molecules are very effective quenchers of triplet state of BChl 27 as well as of 1 O 2 in photosynthetic systems. 28 However, despite their effectiveness in the protection, high light intensities cause a loss of photosynthetic activity in oxygenic organisms as reflected by the phenomenon of photoinhibition. 29 It results in a decrease of the electron transport rate through photosystem II (PSII) and degradation of the D1 protein, an intrinsic subunit of the complex.
As shown in Fig. 4 , the b-carotene bound to the PSII reaction center can act as an electron donor to BChl. 30 However, if oxygen quenching of 3 BChl takes place then the resulting singlet oxygen has to be removed efficiently at the point of its generation before it can diffuse away and induce uncontrolled oxidation. Two reaction sequences for an immediate scavenging of 1 O 2 at 3 BChl are known: the turnover of the D1 protein and the oxidation of tocopherol (Fig. 4) .
The role of a-tocopherol as an antioxidant is well known for plants and humans. 31 Tocopherol is concentrated in the thylakoid membrane and plastoglobuli, playing a protective role in photosynthesis. Its concentration in plants is light dependent. Tocopherol is an effective singlet oxygen scavenger, being oxidized to tocopherylquinoned. 32 The reaction proceeds via the 8-hydroperoxy-a-tocopherone, which is hydrolyzed to the quinone. Tocopherol is oxidized in PS II by singlet oxygen, but at the same time it is resynthesized by the cell. Inhibition of tocopherol synthesis lowers its concentration in the thylakoid membrane. When degraded under high light fluencies (4500 mmol photons m À2 s À1 ) 33 and not replaced it can no longer scavenge singlet oxygen produced in the BChl triplet quenching. The D1 protein degradation is then much accelerated and the PS II activity is lowered.
Chemical quenchers of singlet oxygen, notably diphenylamines, completely protect PS II, prevent D1 protein degradation and keep tocopherol levels even at very high light intensities. 34 In our research, devoted to the study of triplet-triplet annihilation upconversion and its applications, we attempted to mimic the natural function of tocopherol in the PSII, in order to decrease the sensitivity of the TTA-UC system towards oxygen quenching. Recently, we have demonstrated an efficient solubilization of TTA-UC components with low water solubility using amphiphilic block-copolymers from the family of polyoxyethanyl a-tocopheryl sebacate (PTS) as a surfactant. 35 We assumed that due to hydrolysis of PTS in water some amounts of tocopherol is formed. Thus, singlet oxygen generated in the UC-system might be irreversibly scavenged by the reaction with tocopherol as illustrated in Fig. 5 . It is important to notice, that binding of singlet oxygen by the sacrificial oxygen scavenger (the PTS in this case) or introducing a photo-oxidation of some of the active moieties is a competitive process. Presence of sacrificial scavenger in a concentration lower than some value, does not lead to complete protection.
In order to prove this hypothesis we perform the following measurement: two samples of a standard UC system composed of palladium tetrabenzoporphyrin -with a low dye load (PdTBP, 1 Â 10 À6 M; perylene 2 Â 10 À5 M) and with a 20-times higher dye load (PdTBP, 2 Â 10 À5 M; perylene 4 Â 10 À4 M) in aqueous PTS solution (5%) were prepared in ambient atmosphere and in glove-box (see Fig. 6 ). The non-degassed sample was illuminated for a period of 5 h with very low intensity light (less than 50 mW cm À2 , l exc = 633 nm, cw -laser, He-Ne). The excitation spot diameter of the low intensity light was with diameter of D B 2 Â 10 À2 m an order of magnitude larger than the excitation spot diameter of the probing light (D B 1 Â 10 À3 m).
As is shown seen in Fig. 6a , at low active dye concentrations, even after long-term illumination, the UC-fluorescence does not recover completely. This means, that a significant amount of the active dyes (most probably the sensitizer molecule is damaged by oxidation with singlet oxygen). On other hand, when the dye concentrations are relatively high the amount of the irreversible lost active dyes is negligible and the UC-fluorescence recovers. It is important to notice, that such an oxygen scavenging mechanism reported here is based on tocopherol as sacrificial agent and cannot fully replace the other oxygen protection techniques. Thus, deoxygenation of the samples before measurements is mandatory to achieve long-term protection.
Application of oxygen scavenging species
Usual ways to deoxygenate luminescent samples include nitrogen (or other inert gas) bubbling of the solutions, repeated freezethaw cycles, or preparation of samples in vacuum (glove-box). Without any doubt, degassing by inert gas purging is the most common method used in spite of the fact that it is timeconsuming and inconvenient. Díaz García and Sanz-Medel were first to propose the use of sodium sulfite as an alternative to solution deoxygenation with nitrogen in the SDS micellar solution. 36 The method is based on the redox reaction (2).
(2)
Heavy-atom induced phosphorescence 37 of naphthalene and other aromatic hydrocarbons was studied to monitor the effectiveness and illustrate the convenience of the proposed method of deoxygenation. Time profiles of the deoxygenation reaction (2) were monitored by following the increase in phosphorescence intensity of the micellar solubilised naphthalene ( Fig. 7) . A gradual increase in phosphorescence intensity was observed since a diffusion rate of oxygen limits the efficiency of the quenching of phosphorescence produced by the solubilized naphthalene. This fact was ascribed to the dynamic nature of the micellar equilibria. As the sulfite ion is negatively charged, as well as SDS, its actual molar concentration is higher in the bulk solution (Gouy-Chapman layer) than in the micellar surface (Stern layer). Consequently, the oxygen consumption in the bulk phase is more efficient than in the Stern layer.
The concentration of sulfite is an important parameter affecting the phosphorescence intensity and must be taken into account. As a compromise between high luminescence signals and relatively short time for appearance of reproducible and convenient phosphorescence signals, a Na 2 S0 3 concentration of 10 À2 M was found to be optimal for deoxygenation.
Sulfite-based O 2 scavenging to observe phosphorescence signals in aqueous solutions was applied for the development of analytical methods for the detection of a variety of organic compounds (including agricultural, pharmaceutical, petroleum, and biological-related samples) and extends the technique to facile metal ion determinations in solution using room temperature phosphorescence (RTP). 38 Based on these works, we explored the possibility of the application of sodium sulfite as oxygen scavenger for TTA-UC process performed in a micellar system. Sensitizer (PdTBP) and emitter (BODIPY) couple 39 was found to exhibit negligible upconversion fluorescence along with residual phosphorescence in an air saturated SDS solution ( Fig. 8 , black line). After the addition of Na 2 SO 3 (excess), a strong increase of the intensity of corresponding signals was immediately observed ( Fig. 8 ), due to the deoxygenation of the solution. Such a technique allows for the protection of corresponding samples on a timescale of hours in the case the sample is open to air or for a longer time, if the sample is sealed. Nevertheless, Na 2 SO 3 is not biocompatible, and limits the application of sodium sulfite only to non-living objects.
Bonnet and co-workers recently demonstrated red-to-blue photon upconversion system based on PdTBP and perylene for optical imaging of giant unilamellar vesicles lipid bilayer. 40 In order to investigate the dye distributions across the membrane, Fig. 6 Comparison of the luminescence spectra of the UC-system PdTBP/perylene/PTS in aquatic environment for two different molecular compositions as follows: (a) 1 Â 10 À6 /2 Â 10 À5 /5% PTS in water and (b) 2 Â 10 À5 /4 Â 10 À4 /5% PTS in water. Excitation intensity of the probing light, for all measurement -50 mW cm À2 . the homogeneity of light emission in the lipid bilayer and the upconversion stability under imaging conditions, vesicles containing sensitizers and emitter dyes were prepared. Sodium sulfite was used as an oxygen-scavenging agent to prevent triplet states quenching. In the case addition of Na 2 SO 3 was found to be superior with respect the common technique of deoxygenation via purging the solution with inert gas. The latter is problematic due to foam formation and mechanical damaging of the giant vesicles. A comparison of the vesicles samples deoxygenated either by bubbling Ar for 30 min or by addition of 0.3 M sodium sulfite into the buffer solution used as a media for the vesicles is shown in Fig. 9 . Although for both samples the spectra are very similar, showing that Na 2 SO 3 does not affect the photophysical processes in the system, upconversion intensities were found to be higher when using oxygen scavenger. This can be elucidated, if one to takes into account, that Ar-bubbling results in the formation of stabile small bubbles distributed into the sample, which can scatter both the excitation and emission light. Such bubbles are absent when deoxygenation is achieved using sodium sulfite oxygen scavenger.
Incorporation of dyes into supramolecular complexes
When the molecules are incorporated into molecular aggregates, such as micelles, microemulsion droplets, and vesicles, or in cavities such as cyclodextrins (CDs), calix[n]arenas, cage compounds, and other analogues, they are often confined to a greater degree of organization compared with those in homogeneous solution. This phenomenon was used in mimicking the processes occurring in biosystems 41 as well as in energy storage application. 42 The observation of the phosphorescence of tryptophan residues in proteins at room temperature in solutions 43 initially raised an idea of the incorporation of a luminescent molecule into supramolecular complexes in order to reduce oxygen quenching processes. For example, in the case of horse liver alcohol dehydrogenase, tryptophan phosphorescence is observed even in aerated solutions at ambient temperature. 44 It has been proposed, that certain protein conformations strongly inhibit quenching of tryptophan triplets by dissolved oxygen. 45 The inhibition of oxygen quenching of the phosphorescence via complexation of the dye molecule with cyclodextrins (CD) was first discovered by Turro and co-workers. 46 The phosphorescence of 1-bromo-4-naphthoyl group is readily quenched by oxygen in the solution. However, when this dye is complexed with g-cyclodextrin in aqueous solution, its phosphorescence can be observed even in oxygen-saturated solutions (Fig. 10 ). In contrast, in the presence of aand b-CD oxygen was observed to quench the phosphorescence, even though the dye forms complexes with b-CD.
Phosphorescence decay data indicated that two types of probe-cyclodextrin complexes are formed with lifetimes of 3.5 and 600 ms respectively. Oxygen completely quenches the fast decay, but only partially quenches the slow decay, indicating that the probe exists in two environments in the presence of g-CD. This was attributed to the formation of 1 : 1 and 2 : 1 complexes, giving fast and slow decays respectively. It was found that the appearance of the long-lived (41 s) room temperature phosphorescence (RTP) in water is associated with the formation of macrostructures (aggregates) in which the dye Upconversion fluorescence of perylene-PdTBP system within 1,2-dioleoyl-sn-glycero-3-phosphocholine based vesicles under 630 nm excitation. Irradiation conditions: 30 mW excitation power (4 mm beam diameter, intensity 0.24 W cm À2 ). Sample was deoxygenated either by bubbling Ar for 30 min (black curve) of by addition of 0.3 M sodium sulfite into the vesicles media (red curve). 40 Published by The Royal Society of Chemistry.
Fig. 10
Phosphorescence spectra of 4-benzoyl-benzoic acid 6-(4-bromonaphthalen-1-yl)-6-oxo-hexyl ester complexed with g-cyclodextrin. The effect of added oxygen. 46 Reprinted with permission from ref. 60 molecules are separated from the surrounding medium by molecules of g-CD and precipitant, which initiate the formation of the aggregate. 47 Strong phosphorescence of 1-bromo-4-(bromoacetyl)naphthalene (BBAN) was found by Jin and co-workers to be induced synergetically by b-CD and Brij30 (polyethylene glycol dodecyl ether) without removal of oxygen dissolved in the solution due to the formation of a ternary complex of b-CD, BBAN, and Brij30. 48 In this system, Brij30 acts as a space-regulating molecule to enhance the stability of the complex of b-CD/BBAN and to hinder the diffusion of molecular oxygen to quench the phosphor.
Strong and stable phosphorescence resulting from a 1 : 1 : 1 b-cyclodextrin/thiabendazole/triton X-100 supramolecular ternary inclusion complex (Scheme 1) induced by KI as a heavy atom perturber without removing dissolved oxygen from the solution was reported by Tang and co-workers. 49 The formation of the inclusion complex protects the phosphorescence against varying quenching factors. Compared with the method using a chemical oxygen scavenger, this method is simpler as deoxygenation of the solution is not required. The proposed method has been successfully applied for the determination of thiabendazole (TBZ) in tap water, lake water, and pineapples. 50 Compared with other strategies of the phosphorescent samples deoxygenation, application of cyclodextrin complexes offers great advantages for the systems in which deoxygenation procedures may affect the detection of the analyte, e.g. in pH or temperature sensors in waters or biological samples. 51 These examples show that the inclusion of phosphorescent dyes into cyclodextrin-based supramolecular complexes can provide a very efficient and facile way for the protection of excited triplet states. However, due to size and specific chemical environment of the host molecules, the approach is rather restricted. Particularly, no reports on its application in TTA-UC process have been made, although b-cyclodextrin has been studied by Wang and co-workers as a media to assist green-to-blue upconversion in palladium tetraphenyl porphyrin (PdTPP)-diphenylanthracene (DPA) pair. In this system a very high upconversion efficiency values (F UC B 36%) were observed due to enhancement of triplet state lifetimes upon complexation into cyclodextrin, resulting in enhanced triplet-triplet annihilation efficiency. 52 Although the behaviour of the system in oxygen-rich conditions has not been studied, the results suggest that the cyclodextrinbased TTA-UC system could provide an alternative to other oxygen protection strategies. This work may inspire others to develop new cyclodextrins or other type hosts structurally similar to cyclodextrins particularly suited to attenuate oxygen quenching in TTA-UC ensembles.
''Molecular jackets'' around luminescent centers

Dendrimers
Phosphorescent probes based on dendrimers attracted interest in recent years because, among all types of synthetic polymeric carriers, dendrimers offer the unique advantage of molecular monodispersity. 53 Optical probes for biological imaging of oxygen present an important example of the encapsulating capability of dendrimers, which plays a key role in the construction of these useful materials.
Dendritic attenuation of oxygen quenching has been documented in a number of studies. 54 If a chromophore is encapsulated inside a dendrimer, the latter forms a protective cage, preventing physical contacts of the core with macromolecular objects in the environment. However, protecting the chromophore from collisions with small molecules is not as straightforward because the latter can effectively diffuse through the body of the dendritic matrix. A decrease in the rate of oxygen diffusion can effectively offset an increase in its local concentration, thus lowering the apparent constant k q . Hydrophobic dendritic branches fold in polar environments (e.g., water), and as a result, their mobility becomes restricted, preventing oxygen molecules from freely reaching the phosphorescent core. 55 Among dendrimers with flexible aromatic skeletons, dendritic poly(arylglycine) (AG) dendrons 56 are especially wellsuited for the construction of phosphorescent oxygen probes. AG dendrons offer the advantage of inexpensive starting materials, simplicity of synthesis, and chromatography-free purification. Terminal amino groups on AG dendrons can be reacted with carboxyls groups on the porphyrins, while terminal carboxyls on the dendrons provide multiple opportunities for functionalization. AG dendrons ( Fig. 11 ) of three successive generations were developed by Vinogradov and co-workers 57 other for the modification of platinum and palladium porphyrins and p-extended porphyrins. As expected, the oxygen quenching rates decrease significantly with an increase in the dendrimer generation. Overall, for such dendrimers the quenching rate drops by more than 20 times compared to parent phosphorescent porphyrins.
To simplify the dendrimer synthesis, dendrons can be bound to a phosphorescent molecule by means of Huisgen ''click reaction''. Recently Evans and co-workers developed a new group of ''clickable'' phosphorescent porphyrins for sensing of tissue oxygenation. Alkynyl-substituted precursor was used to build a glutamic dendrimer by clicking eight azido-terminated glutamic dendrons (Scheme 2). Parent porphyrin precursor was found to be completely non-emissive in air saturated conditions. However, when imbedded into dendrimer structure its phosphorescence can be used visualization and quantification of tissue oxygenation of skin burns by naked eye under room lighting conditions. 58 
Introduction of bulky substituents into dye molecules
Decreasing triplet excited state quenching rates by means of a steric congestion caused by the introduction of bulky alkylgroups around phosphorescent platinum porphyrin ( Fig. 12 ) was reported by Moiseev et al. 59 The comparison with the known platinum tetraphenylporphyrin PtTPP demonstrated the role of the substituents in suppressing quenching of the triplet excited states: the bimolecular rates for oxygen quenching k O 2 of PtTTEPP and PtTPP triplet excited states were calculated to be 4.1 Â 10 8 M À1 s À1 and 14.8 Â 10 8 M À1 s À1 , respectively.
The difference between the two derivatives was attributed to steric effects from the ethyl groups which ''screen'' the molecule from interacting with the quenchers.
Kimizuka and co-workers reported a TTA-UC air-operating system comprised of a solvent-free liquid sensitizer and emitter mixture (1 : 100 respectively) in which branched alkyl chains are appended to the PtTPBP sensitizer and DPA annihilator, respectively ( Fig. 13 ). Due to impermeability of the hydrophobic alkyl chains, surrounding the chromophores, to oxygen, the UC efficiency of this system was found to be as high as 28% (600 mW cm À2 ) under aerated conditions. 60 This system was found to operate almost unperturbed in the presence of air on a time scale of months. The UC intensities obtained for vacuum prepared samples were found almost identical to those obtained in air. No significant loss in the quantum efficiency within 20 days of air exposure was observed and quantum yield as high as 15% was measured even after the longer period of 80 days. These results were attributed to the suppressed diffusion of oxygen molecules into liquid chromophores, indicating an air-sealing effect of molten alkyl chains introduced around the chromophores.
Dyes bearing protective groups
In our recent work 61 we reported another new strategy for protection of triplet excited states depopulation by quenching, relying on the chemical modification of the triplet sensitizer molecule. It is based on binding singlet oxygen, present in a sample, to specially designed anthracene substituents (Scheme 3) which do not affect photophysical properties. This protection strategy is of sacrificial character, and is time-and total molecular oxygen concentration limited. However, the starting porphyrin can be fully regenerated through oxygen release upon moderate heating in vacuum. Anthracene groups do not bind oxygen in its ground (triplet) state and the corresponding material is stable towards photooxidation in the course of synthetic procedures and purification. The protection is active only against singlet oxygen, thus only when sensitizer triplet states are formed. Enhancement of the phosphorescence originating from the porphyrin (DPA) 4 TBPPd was demonstrated upon an excitation of oxygen containing sample in a local area (400 mm diameter). In the course of the measurement, the same laser beam was used for the excitation of phosphorescence as well as for local deoxygenation. The phosphorescence signal intensity of (DPA) 4 TBPPd rises more than 60% at continuous irradiation by laser beam during the measurement. As seen from Fig. 14  ( green line) at 1 mW cm À2 excitation, the process of local oxygen scavenging needs only a few seconds. If the excitation intensity is lower, the necessary time is substantially longer (Fig. 14, black line) .
Although such protection strategy is limited by the capacity of the sensitizer to bind four oxygen molecules, it may have a potential in applications which demand very low oxygen concentration levels. For example, most of the materials comprising the OLEDs suffer degradation effects from the presence of environmental oxygen and water, as both compounds can penetrate into the device. Much research and effort have been put into fabrication methods and proper device encapsulation to help mitigate these environmental effects. Thus, the demonstrated oxygen protection strategy on a molecular level might become complementary to those already developed.
Metal complexes with self-assembling units
Low molecular-weight gel systems have recently become a topic of growing interest because they provide a new way to access novel well-defined supramolecular architectures. 62 Low molecularweight gel materials can be produced by phase separation of gelator molecules and solvent molecules. If formed in such a way, the gelator phase does not incorporate oxygen dissolved in the solvent phase. Moreover, the gels possess crystal-like nature and deactivation of the triplet state molecules by oxygen is effectively inhibited.
Shirakawa and co-workers reported gel formation and phosphorescence properties of 8-quinolinol chelates of copper, palladium and platinum bearing 3,4,5-tris(n-dodecyloxy)benzoylamide substituents (Fig. 15 ). 63 The gelation ability of the compounds was evaluated in various organic solvents such as benzene, hexane, 1-butanol, 1,4-dioxane and others. Very low critical gelation concentrations (c.g.c.) of 0.10 mg L À1 (0.05 mM) were observed.
A packing structure shown in Fig. 16 for platinum(II) chelate was proposed as the most likely aggregation model.
The efficiency of dioxygen quenching inhibition, defined as a ratio between phosphorescence intensity under oxygen-saturated Scheme 3 Reversible oxygen addition on a palladium tetrabenzoporphyrin molecule. condition and intensity of the samples degassed with argon (E vs. O 2 ), was demonstrated by the following experiment. Luminescence spectra of 1Pt and 2Pt (Fig. 15) were measured under argon atmosphere or dioxygen-saturated atmosphere in the gel or sol phase. It was found that the E vs. O 2 values of 1Pt are larger than those of 2Pt in all gelling solvents. At the same time, the E vs. O 2 values of 1Pt and 2Pt are almost the same in the nongelling solvent, 1,1,2,2-tetrachloroethane ( Fig. 17) . These results support the idea that the enhancement of the E vs. O 2 is not caused by peripheral substituents, but is due to the molecular assembling effect in the gel. Thus the gel phase insures protection of the triplet excited states from oxygen penetration and further quenching. This makes gel matrixes attractive materials for photonic applications, particularly for TTA-UC as is shown in next section.
6. Host-guest matrixes
Molecular aggregates
In molecular aggregates, a rigid microenvironment of the excited state may result in preventing the collision with a quencher and therefore is of interest as a protection technique.
Oxygen-persistent phosphorescence in molecular aggregates was first described by Jin and co-workers 64 for palladium(II) meso-tetra-(4-trimethylaminophenyl)porphyrin solution in water containing sodium deoxycholate (SDC). When adding SDC into the air-saturated solution of the porphyrin, a gradual increase of the phosphorescence intensity was observed along with the increase of the lifetime, reaching 0.39 ms. Interestingly, in the absence of SDC, the porphyrin was not emissive at all even in deoxygenated aqueous solution. The effect of SDC on the phosphorescence was interpreted by assuming a formation of a 'sandwich' type dimers in which the porphyrin is trapped between two steroid scaffolds. The effect was found to be much less pronounced for other aggregate forming molecules, e.g. sodium dodecylsulfate and DNA. Protection of phosphorescent porphyrins from oxygen quenching in SDC aggregates was then studied in details by Zhang and co-authors. 65 Three palladium(II) meso-tetraarylporphyrins tested (Fig. 18 ) showed no phosphorescence in air-saturated aqueous solutions. Upon titration with SDC the phosphorescence intensities of Pd-TAPP (2 Â 10 À6 M) displayed significant increase, while Pd-TCPP and Pd-TSPP showed a very weak increase. The phosphorescence of Pd-TAPP showed maximum value at 4 Â 10 À3 M SDC concentration, but at higher concentrations the phosphorescence gradually decays and completely disappears when big excess of SDC was added. This was accounted for as formation of dimer species at low concentration of deoxycholate, which then transform into larger aggregates with less rigid structure, allowing oxygen quenching of the triplet excited states. Observation of the effect of the porphyrin Pd-TAPP, possessing positively charged groups indicate electrostatic interactions between SDC and the porphyrin. Due to outstanding stability of the phosphorescence signal, Pd-TAPP was then used as a probe to detect bovine serum albumin.
A modified approach based on using steroidal compounds as host matrixes for phosphorescent molecules was recently applied by Adachi and co-workers to develop materials with persistent emission and long lifetime (41 s). 66 Notably, in this case protective matrixes were designed not only to protect the triplet excited states from quenching, but to minimize other nonradiative deactivation pathways of triplet states. The following non-radiative processes were considered: (1) energy transfer from triplet excited states to the molecules of host matrix, (2) diffusional motion of matrix, (3) concentration quenching of guest compounds and (4) quenching by oxygen. b-Estradiol and a mixture of cholesterol with a,a,a 0 -tris(4-hydroxyphenyl)-1ethyl-4-isopropylbenzene were investigated as host matrixes for a series of aromatic hydrocarbon based phosphorescent molecules ( Fig. 19 ). Oxygen was removed from the studied steroidal matrixes by heating above the melting point and further cooling. Due to the slow diffusion of oxygen, low concentration in the matrix for long periods of time are expected. It was found that phosphorescence of the studied dyes is almost not affected by oxygen quenching in b-estradiol and cholesterol matrixes. In contrast, triplet states of the same molecules were observed to be completely quenched within o1 ms time interval on air, when other amorphous materials, e.g. PMMA, were applied as the matrix.
Organogel matrixes
Supramolecular organogels are formed by the self-assembly of low-molecular-weight gelators (LMWGs), due to non-covalent interactions, such as hydrogen bonding, p-p interactions, van der Waals forces, metal-ligand coordination, hydrophobic effects and others. 67 Although organogels and hydrogels including phosphorescent materials have been reported, most of them turned out to be non-luminescent due to quenching of long-lived triplet states by molecular oxygen. 68 So far only few reports on incorporation of phosphorescent materials into protective gel matrixes have been reported. De Cola and co-workers reported phosphorescent hydrogels based on host-guest interactions between water-soluble Pt(II) complex with attached tetraethylene glycol chains and cyclodextrins (a-and b-CD). The materials were found to be emissive and are not sensitive towards quenching, although the behavior of the system has not studied in details. 69 Further Yang and co-workers reported 1,3:2,4-di-O-benzylidene-D-sorbitol (DBS) as a gelator for phosphorescent 3-bromoquinoline. The supramolecular gels was prepared by self-assembly of DBS in DMF-water mixture. It was found that deoxygenation of the samples is not required to observe phosphorescence. Moreover the emission intensities of a pre-deoxygenated samples showed similar values compared to air-saturated. 70 Recently Kimizuka and co-workers developed supramolecular gel matrices inspired by the structural feature of thylakoid membranes, where supramolecular gel nanofibers was chosen as matrice-sensitizer and emitter molecules showing air-stable TTA-UC. 71 As a supramolecular gelator for TTA-UC, N,N 0 -bis(octadecyl)-L-boc-glutamic diamide (LBG) was employed ( Fig. 20) . This compound is well-known for its ability to gelatinize in various solvents giving highly stable gels. 72 Sensitizer (palladium(II) octaethyl porphyrin, 33 mM) and emitter (9,10-diphenylanthracene, 6.7 mM) can be incorporated into the gel by dissolving in DMF in the mixture with LGB under heating and cooling to room temperature. The gel showed good structural stability that allows a preparation of specific gel shape by injecting the hot solutions into a mould. Optical properties of PtOEP or DPA were found to be similar to those in DMF solutions without the gelator agent, indicating that the LBG molecules do not affect their photophysical properties. Even if prepared on air, gels show strong TTA-UC fluorescence, which can be observed by naked eyes upon excitation with 532 nm green laser. UC emission spectral shape is similar to those of the DPA excited at 375 nm. Residual phosphorescence of PtOEP at 645 nm was found to be very weak, indicating that the triplet excited state of PtOEP is efficiently quenched by triplet-triplet transfer to DPA. Quantum yield F UC was measured to be 2.7% for the deaerated PtOEP/DPA/LBG gel In air saturated conditions F UC of 1.5% was found, confirming oxygen blocking ability of the gel system. Other sensitizer-emitter TTA-UC pairs in LBG gel system in DMF have been prepared: PdPc(OBu) 8 /rubrene, PtTPBP/BPEA, and Ir(C6) 2 (acac)/DBP (Fig. 21) . All of these UC pairs exhibited strong UC emissions in LGB gels even under air-saturated conditions.
Interestingly, DPA triplet excited state lifetime in the PtOEP/ DPA/LBG ternary gel under deaerated and air-saturated gels was determined to be 228 ms and 178 ms respectively. At the same time, phosphorescence of PtOEP (in the absence of DPA) in LBG gel in DMF completely quenched under aerated condition. Based on this fact authors speculate that a cooperative binding of PtOEP molecules to the DPA-enriched domains in LBG nanofibers probably takes place that prevent interactions of the excited state with oxygen dissolved in the matrix. However, taking into account oxygen protection strategies discussed in previous sections, particularly in Section 5.3, one could suggest that there might be a contribution of other processes which provide overall stability of gel system under air. DPA as well as other TTA-UC emitters shown in Fig. 21 are able to react with singlet oxygen through [4+2] cycloaddition. 73 Thus, since an excess of the emitter is present in the system, a part of it might be responsible for such deoxygenation process. Obviously, further works on deoxygenation mechanism are required.
A similar approach towards TTA-UC in polymer organogels was further reported by Simon and co-workers, 74 based on a continuous polymer network and a liquid organic phase as a matrix for sensitizer and emitter. The matrix was found to possess good mechanical integrity, high molecular mobility and provides protection against triplet states quenching by oxygen, as was shown on an example of palladium(II) mesoporphyrin -9,10-diphenylanthracene TTA-UC pair. Gels were prepared by cross-linking poly(vinyl alcohol) (PVA) in a 2 : 1 w/w DMF-DMSO mixture by reaction with hexamethylene diisocyanate (HMDI). The process was performed either on air or under air-free conditions, by stirring a DMSO solution of PVA with a DMF solution containing HMDI, sensitizer and emitter (Fig. 22) . The resulting exhibited a transmittance of 495% in the visible range.
When initial solutions containing TVA, HMDI, sensitizer and emitter were prepared under ambient conditions, upconversion emission of the resulting gels was found to be lower than for those prepared from air-free solutions. Thus triplet state quenching by dissolved oxygen can take place rather efficiently inside the gel matrix. However, deoxygenation of all the components prior the formation of gel, resulted in TTA-UC emission from the mould with quantum yield of 10% at 180 mW cm À2 showing good stability. The prepared materials were found to be shape-persistent (Fig. 23) when removed from the moulds.
Encapsulation into polymers
A way to avoid oxygen quenching of the phosphorescence is to encapsulate phosphorescent molecules inside a solid matrix to shield them from oxygen. Selection of the encapsulation matrix is important. The matrix should have relatively low oxygen permeability and relatively high solubility of the phosphorescent molecules so that high loading of the phosphorescent molecules can be achieved and strong phosphorescence can be obtained. Different types of matrices have been studied for encapsulation of phosphorescent molecules to form phosphorescent particles, e.g. polystyrene (PS), 75 polyacrylonitrile (PAN), 76 and their derivatives have been commercially used.
These polymeric systems, however, do not allow for maximal phosphorescence intensity at ambient conditions. The polystyrene matrix is not ideal for the encapsulation of phosphorescent molecules because of the poor solubility of many phosphorescent molecules in polystyrene, which results in low dye loading and relatively low phosphorescence. The oxygen solubility of polystyrene is also believed to be relatively high. PAN and its derivatives have been found to have low oxygen permeability but they have limited solubility for many phosphorescent molecules as well, which also limits their application for encapsulation of those phosphorescent molecules. Halogen-containing polymers and co-polymers (HCPs) reported by Song and co-workers 77 as an encapsulation matrix for organic and organometallic phosphorescent molecules were shown to produce phosphorescent materials which are substantially unaffected by oxygen and water molecules at ambient conditions. On the other hand, these polymers have a particularly high loading of phosphorescent molecules to provide strong phosphorescence and high photostability. Resulting phosphorescent micro/nano-particles are suitable for a wide variety of applications such as the detection of biological molecules and species in biological assays.
TTA-UC has long been known to occur in solutions of appropriate sensitizer/emitter pairs, but it has taken considerable time to realize this process in solid materials. A comparison between the performances of the same bicomponent system in solution versus the solid state shows that, in the latter, the up-conversion efficiency drops by a factor of 100-1000. 78 The origin of this difference is the large molecular mobility in solution, which strongly enhances the interaction probability and, as a consequence, enhances both the triplet-triplet energy transfer (TTET) and TTA processes. The key points for the preparation of the polymeric TTA-UC system are to maintain high translational mobility 79 of the chromophores and to prevent luminescence quenching by aggregation. In the case of solid-state materials, the main focus has been made on matrix polymers with low glass transition temperatures (e.g., rubbery materials) to obtain high-efficiency solid-state systems. The larger upconversion efficiency for such materials, when compared to glassy/rigid materials, has been theorized to be due to higher segmental mobility of the elastomers and also enhanced local molecular mobility of the chromophores, which increases interaction probability and thus energy transfer and TTA processes. 80 In the case of rubbery materials, low oxygen barrier properties are anticipated, due to the high free volume associated with such materials. 81 Castellano and co-workers first reported rubbery poly(ethylene oxide-co-epicholorohydrin) as hosts for TTA-UC sensitizer-emitter pairs. This particular polymer was found to provide sufficient chromophores mobility that allows the bimolecular processes, i.e. triplet-triplet transfer and triplet-triplet annihilation happen efficiently. 82 A fabrication technique for producing upconverting polymers which can be moulded into a variety of forms under ambient conditions with minimal processing using commercially available polyurethane precursors (Clear Flex 50, CLRFLX) was reported by the same group. 83 A mixture of PdOEP and DPA was dissolved in THF along with corresponding monomer and subjected to polymerization under ambient conditions which delivered transparent rubbery solids (Fig. 24) . These materials exhibited linear incident power dependence with quantum efficiencies exceeding 20%. The average lifetime of PdOEP phosphorescence in CLRFLX was 1.29 ms, similar to that determined in other rigid media including polystyrene nanoparticles (0.99 ms), PMMA (1.53 ms), and cellulose acetate (1.2 ms) but much longer than that for precast polyurethane matrices (314 ms). This indicates that CLRFLX effectively suppress deactivation of triplet excited states by dioxygen, while keeping energy transfer quenching by DPA.
Several other types of polymer-based upconverting solid-state materials have been reported based on photophysically inert matrices such as polyacrylates, 84 poly(methyl methacrylate), 85 cellulose acetate, 86 and a styrene/divinylbenzene/vinylbenzyl chloride copolymer. 87 Generally the protection of excited triple states in these techniques is based on the reduction of oxygen permeability. Recently we have developed a principally new approach towards polymer hosts for efficient TTA-UC based on a series of synthetic hyperbranched unsaturated poly(phosphoester)s (hbUPPEs). 88 These polymers were found to scavenge singlet oxygen due to the presence of alkene double bonds in the 
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Chem. Soc. Rev., 2016, 45, 4668--4689 | 4681 structure ( Fig. 25 ) but do not react with oxygen in the triplet ground state. Different branched polymers with varying branching densities were synthesized in a one-step polymerization from the respective A3-type monomers via olefin metathesis polymerization (Fig. 26) .
The hbUPPEs can be used as a matrix to dissolve sensitizers and emitters for TTA-UC without the addition of organic solvents. At the same time hbUPPEs possess optical transparency in the UV-Vis and suitable mechanical properties. The amorphous structure and low glass transition temperature impart a rubbery behaviour as well as the possibility to obtain polymer matrixes with a high dye content.
The long-term stabilities in an ambient atmosphere of the UC couples palladium tetrabenzoporphyrin (PdTBP) with 3,10-bis(3,3-dimethylbut-1-yn-1-yl)perylene (Y805) (Fig. 25 ) in hbUPPEs with different chain length were investigated. All polymers (hb1, hb2, and hb3) can be used as a matrix for TTA-UC with high quantum yields (QYs) in an oxygen-rich environment. The hbUPPEs demonstrate extremely efficient protection against quenching of the excited triplet states from molecular oxygen. Interestingly, hb2 and hb3 ensure almost undisturbed operation of TTA-UC in an ambient atmosphere for more than 1000 s (Fig. 17) for longer experiment times, while hb1 does not provide effective long-term protection against oxygen quenching.
The protection mechanism is based on the ability of singlet oxygen to react with olefinic double bonds. 89 The particular reaction depends on the nature of the double bonds as different types of addition reactions (epoxides, dioxetanes, alcohols, etc.) can be generated as well as potential electron transfer reactions. 90 The hbUPPEs inherently combine both active and passive protection strategies: namely, passive protection as a consequence of low oxygen permeability and active protection by chemical scavenging of the existing singlet oxygen while being rather inert against triplet oxygen.
Protective nano-and microcarriers
The idea of including interacting excited-state species into nanometer-scale shells is quite general and easily adaptable for a large number of small molecules exploited in sensitized up-conversion and other photonic applications. A fundamental benefit of this approach is that the NPs completely shield the dyes from the external environment, and especially from oxygen. In recent years, the preparation of upconverting NPs was reported in many works, 91 however most of them describe the operation in the oxygen-free conditions (inert atmosphere), rather than to be suited with passive or active oxygen protection of the triplet states.
Reichmanis and co-workers designed an effective approach towards low-threshold TTA-UC within uniform microcapsules fabricated through a microfluidic technique that uses a photoinduced interfacial polymerization. 92 The capsules consist of a fluidic active core which provides high translational mobility of the chromophores and an elastomeric shell for mechanical integrity and passive oxygen protection. The capsules are produced via UV-initiated free-radical inverse polymerization through a microfluidic channel ( Fig. 27 ) and their parameters, particularly the size and shell thickness, can be controlled through the UV exposure time. Trimethylolpropane triacrylate (ETPTA) monomer selected as the processable medium for the capsules showing UC emission is readily polymerized with UV light. Due to its high polarity, low viscosity, and non-volatility chromophores, molecules can be well-dispersed inside the resulting capsules at high concentrations. ETPTA retards the penetration of oxygen which quenches the excited states. The TTA-UC efficiency in bulk ETPTA remained almost constant even after 5 days in air. Moreover, within a freestanding film, the UC efficiency using a UV-cured ETPTA control matrix is higher than that observed from a commercial rubbery polyurethane film. Thus, ETPTA encapsulation can facilitate energy transfer, especially within a liquid-phase core providing highly efficient UC emission. Liu and co-workers reported a strategy for decreasing the O 2induced upconversion quenching by introducing a reducing agents, such as oleic acid, linoleic acid, ascorbyl palmitate, or ascorbyl into the nanocapsules. 93 For example, PtTPB-BDP-G system (Fig. 28 ) in soybean oil in the presence of O 2 showed intense yellow upconversion emission with quantum yield of 5.0% (c PtTPBP = 1.0 Â 10 À5 M, c BDP-G = 1.0 Â 10 À3 M, power density of 0.106 W cm À2 ). The mixture of sensitizer and emitter in the same concentration in aerated toluene showed quantum yield of only 0.1%. This was attributed to the effect reducing agents in the soybean oil, which reacts with singlet oxygen initially generated within the nanocapsules.
The main components of soybean oil are linoleic acid and oleic acid, both of which possess oxygen scavenging capacity. Singlet oxygen scavenging in nanocapsules was then shown using other antioxidant compound, ascorbyl palmitate, in the toluene solution with BDP-G and PtTPBP. The TTA-UC fluorescence intensity was found to increase with increasing concentrations of ascorbyl palmitate. The effect of antioxidant on the phosphorescent lifetime of PtTPBP was studied. Upon continuous irradiation of PtTPBP in aerated toluene with 635 nm laser for 240 s phosphorescent lifetime increased to 32 ms in the presence of ascorbyl palmitate (2.0 Â 10 À3 mol L À1 ), which is comparable to that (40 ms) of PtTPBP in oxygen-free toluene.
Recently, we explored a method for the fabrication of ultralight upconverting mats consisting of rigid polymer nanofibers. Poly(vinyl alcohol) (PVA), known for its oxygen barrier properties was used as a matrix. 94 Oxygen permeation coefficient of some PVA films was reported to be 0.09 cm 3 mm m À2 day À1 atm À1 at 24 1C and 75% relative humidity. 95 Due to this, PVA was found to be an excellent oxygen-barrier for solar cells. 96 The PVA matrix used to immobilize and to protect the nanocapsules and TTA-UC chemical agents. The mats were prepared by simultaneously electrospinning an aqueous solution of a polymer and functional nanocapsules solutions containing a sensitizer-emitter pair (Fig. 29 ). The nanofibers demonstrated efficient upconversion fluorescence with l max = 550 nm under low intensity excitation 635 nm laser (power = 5 mW). The oxygen-barrier property of the polymer matrix efficiently prevents the oxygen penetration since the emission was found to be stable in ambient atmosphere.
Wang and co-workers reported an oil-in-water (o/w) microemulsion TTA-UC system based on for 9,10-dinaphthylanthracene (emitter), palladium(II) meso-tetratolylporphyrin (sensitizer) and Tween-20 as a surfactant, efficiently operating under air without deaeration. 97 Notably, these o/w microemulsions can maintain a high efficiency (F = 33.12%) without degassing for several days. In contrast, the UC signal of similar sensitizer-emitter pair in DMF disappears within 1.2 hour without degassing (Fig. 30) . A comparison experiment of using o/w microemulsion, both with deaeration and without deaeration, confirms that the TTA-UC o/w microemulsion does not need deaeration. This indicates that triplet excited state in o/w microemulsion system are rather insensitive toward oxygen quenching. 
Biopolymers as oxygen barriers
Nanofibrillated cellulose (NFC), cellulosic fibrils disintegrated from the plant cell walls, was first explored by Turbak and coworkers 98 and Herrick with co-workers, 99 and was recognized as a valuable material due to its oxygen barrier properties. 100 High barrier properties of NFC arises from a partly crystalline structure of microfibrils in combination with the ability of the dried films to form a dense network held together by strong inter/intra-fibrillar bonds. Due to the rather high degree of crystallinity of NFC (63 AE 8.6%), 101 the permeability of NFC is expected to be limited, but, gas diffusion may nevertheless occur through the voids in the microfibril network. Fukuzumi and co-workers 102 have investigated the oxygen barrier properties of cellulose nanofibers prepared by 2,2,6,6-tetramethylpiperdine-1-oxyl radical (TEMPO)-mediated oxidation and have found such films to be good barriers under dry conditions. NFC films have a potential for use in gas barrier application, although water sorption and high relative humidity can be problematic. In addition, NFC possess outstanding mechanical properties, optical transparency and non-toxicity.
NFC was recently exploited by us in the preparation of a solid state-like upconverting material operating under air. 103 A direct mixing of TTA-UC components with NFC is not possible because of their hydrophobic nature. On the other hand, NFC forms aggregates in non-polar solvents, making preparation of well-dispersed systems rather complicated. Thus NFC-based capsules containing sensitizer and emitter in the liquid core were prepared by the reaction between the hydroxyl groups of NFC and cellulose nanocrystals (CNC), cross-linker (isophorone diisocyante) and water at the oil/water interface of oil droplets. A blend of NFC and CNC was used in the capsule synthesis. Resulting capsules were on average 1.2 AE 0.3 mm in diameter, with a capsule wall thickness of around 30 nm. The concentration of sensitizer and emitter in the oil core of the capsules was 7 Â 10 À5 M and 1 Â 10 À3 M, respectively.
Encapsulation the UC components into the liquid compartment of micro/submicron-sized nanocomposite shell/liquid core capsules provides the local mobility of the chromophores. NFCs are long flexible nanofibers composed of both crystalline and amorphous regions, whereas the CNCs are shorter, rod-like mainly crystalline whiskers. These capsules were then further embedded in a matrix of NFC which supplies the necessary mechanical support. In Fig. 31 , typical nanocellulose-based capsules containing oil (hexadecane) cores are presented, where the fibrous capsule wall structure is shown.
Three different types of films were prepared: one without and two with protective coatings of different thicknesses, namely, 4.2 and 8.8 mm. The thickness of the lower capsule layer was comparable for the three film types and is on the order of 29 AE 3 mm (films with protective coatings) to 36.5 mm (reference film). All films were supported on glass substrates. These samples were equilibrated in a nitrogen atmosphere and then exposed to dry synthetic air (20.5/79.5 vol%, O 2 /N 2 , constant and identical temperature for the synthetic air and sample).
Oxygen protection of TTA-UC in the prepared films was studied of a system comprising mixed benzo-naphthoporphyrins ensemble (five components) as sensitizer in 620-670 nm region and 3,9-bis(3,3-dimethylbutyl-1-yl)perylene as a single emitter. Such a system enable a broad-band upconversion of a whole deep-red spectral region (Dl B 70 nm) into green light with l max = 518 nm. In oxygen free-conditions (o2 ppm) the system showed UC quantum yield of 8.2% under broadband excitation (500 mW cm À2 ). The change of intensity of the emission of upconverting NFC/CNC films was monitored with time. Fig. 32 shows the normalized UC fluorescence and phosphorescence of the system. In all cases, the intensity declines as more oxygen penetrates through the structure and effectively quenches the excited triplet states of the chromophores. As expected, the UC fluorescence decreased more rapidly than the phosphorescence signal. The explanation for this behavior is the fact that UC fluorescence is a consequence of the bimolecular TTA process. Both sensitizer and emitter excited triplet ensembles can be quenched by molecular oxygen; therefore, the UC fluorescence demonstrates stronger dependence on the oxygen concentration. To demonstrate the oxygen barrier properties of NFC films, a reference sample containing sensitizer and emitter in the same concentrations encapsulated into polystyrene was studied. In this case UC fluorescence was not observed at all, due to the low molecular mobility of the chromophores in the polymer matrix. Phosphorescence of the porphyrin sensitizers was found to decrease dramatically with time ( Fig. 32b ) due to oxygen quenching.
Protective solvents
As was shown above, various efficient approaches towards oxygen protection of triplet excited state ensembles were developed very recently to provide stable operating phosphorescent and photon upconverting systems. However, all these approaches suffer from certain limitations. Their application either require a change in the sample architecture (nanoparticle, gels, polymer films) or affect chemical and photophysical properties of the chromophores (oxygen scavengers, supramolecular complexes, dendrimers). In addition, certain types of oxygen protection strategies require extensive synthetic efforts for the preparation of corresponding chromophores or components of protective media.
A straightforward, but yet unexplored in any photonic applications approach is the use of a solvent itself as an oxygen scavenger. Recently, we reported an architecturally diverse library of organophosphates (OP, Fig. 33 ), specially designed and optimized to enable long-term TTA-UC in ambient atmosphere. 104 Organic phosphates OP1 and OP2 bearing unsaturated hydrocarbon chains serves as a solvent with low viscosity, thus the efficiency of the TTA-UC process is almost identical with the efficiency in standard solvent-toluene. At the same time they provides long-term protection (over 1000 h) against the molecular oxygen quenching. Developed synthetic approach provides control of phosphate functionality, e.g. viscosity, ability to dissolve UC-dyes and oxygen scavenging properties through variation of the hydrocarbon chain length, ratio between aliphatic and aromatic parts and number of terminal double bonds.
Oxygen protection of TTA-UC was studied on two different sensitizers-emitter pairs: based on palladium tetrabenzo-and tetranaphthoporphyrins (Fig. 34 ). Perylene and perylenimide derivatives were used as emitters. In both cases the efficiency of the TTA-UC process in cw-excitation regime does not depend on the contamination with molecular oxygen: virtually identical UC-efficiency was observed in oxygen-free and ambient conditions. On the other hand, for both UC-couples prepared in ambient conditions using conventional solvents only vanishing UC-fluorescence intensities were observed.
These experimental data suggest that during the optical excitation, dissolved oxygen is being converted into its singlet excited state due to the quenching of sensitizer triplet state. Further, generated singlet oxygen reacts with terminal CQC double bonds of the solvent forming stable peroxide compounds. In such a way, the local amount of the molecular oxygen is quickly consumed after the start of illumination through the generation of singlet oxygen and its subsequent reaction with the double bonds. Thereafter, the process of TTA-UC becomes the prevalent relaxation path of the excited sensitizer triplet state and the UC fluorescence grows-up. In oxygen-reach environment the steady-state UC-emission is reached after a significantly longer rise time in comparison with oxygen-free starting conditions. Consistently with this hypothesis, the higher the excitation intensity is, the shorter time is needed for the complete consumption of the molecular oxygen which was initially present in the optically-excited volume and therefore, the shorter rise time of the upconverted emission is observed.
It can be concluded, that oxygen diffusion in the organophosphates is low, so once the initial molecular oxygen is depleted in the optically-excited volume even in ambient conditions only a negligible amount of optical excitation is enough to cause reaction with the molecular oxygen diffusing into the excitation volume under steady state conditions. Therefore, the steady-state emission of the UC-fluorescence has no significant deviation from the oxygen-free UC-emission observed.
Summary and prospects
Optically excited densely populated triplet organic ensembles have orders of magnitude longer lifetime of their excited triplet states, than the lifetime of the optically excited singlet states. Therefore, intense interaction with the material environment of such ensembles is observed. All-optical sensors based on densely populated triplet ensembles introduce the possibility for effective control and understanding of biochemical reactions, responsible for cellular functions and/or physiological response to external stimuli. Ultimate requirement for this is unambiguous discrimination of the changes introduced by the oxygen quenching for all-other influencing parameters -local temperature, viscosity, local concentration change of the active molecules or presence of other quenching moieties. It is logically correct, that first step in this development must be the effective and sustainable protection of the organic triplet ensembles against quenching by molecular oxygen. This review has covered recent developments concerning oxygen protection of excited state triplet ensembles, including phosphorescent and TTA-UC systems. For phosphorescent materials, significant advances have been made since 1980s in tuning of their susceptibility towards oxygen quenching particularly aimed at the development of oxygen sensing techniques in biological systems. 105 Currently tuning of quenching rates through the chemical modification of sensitizer molecule or incorporation into a material with defined oxygen permeability became possible. Alternatively, quenching process can be completely eliminated by means of appropriated sacrificial singlet oxygen scavengers, which open broad perspectives in material science. The current applications for these protected organic phosphors and annihilation upconversion systems include bioimaging, all-optical sensing systems, upconversion displays, organic solar cells, photocatalysis etc. For TTA-based upconversion materials, current research is focused on identifying oxygen protective materials which provide high quantum yield of the process via keeping chromophores mobility and suppressing both triplet state quenching and formation of reactive oxygen species. The mechanism and decay dynamics of the upconversion process, the accomplishment of TTA-based upconversion in aqueous media, and applications in lighting, photocatalysis, and bioimaging are also currently in the focus of research on oxygen protection of TTA-UC.
